The Poroshiri ophiolite is distributed in a narrow ( ≤ 4 km) N-S trending zone extending over ≈70 km in southern central Hokkaido (Fig. 1b) , and consists mainly of greenschist, amphibolite and metagabbro, which collectively are interpreted to form a meta-ophiolitic assemblage (Miyashita, 1983) . On the east it is thrust by the rocks of the Hidaka metamorphic belt along the Hidaka Main Thrust (HMT; Fig. 1b, 1c) , while on the west it thrusts over the rocks of the Idon nappu belt along the Western Boundary Thrust (WBT; Fig. 1b, 1c) . The Hidaka metamorphic belt consists of mafic and felsic metamorphic rocks and plutonic rocks such as gabbro, diorite and tonalite (Komatsu et al., 1983; Osanai et al., 1991) , and represents a partial section through the ancient Kuril arc crust, the upper 23 km of which is exposed at the surface along the Hidaka Main Thrust Metamorphism and mylonitization in sinistral shear zones found in the Poroshiri ophiolite
Introduction
The Hidaka metamorphic belt in southern central Hokkaido (Fig. 1a, 1b) has been considered to consist of juxtaposed thrust sheets of island-arc and oceanic crust fragments, the former and latter of which have been called the Hidaka metamorphic Main Zone and Western Zone, respectively (e.g., Komatsu et al., 1983) . Miyashita (1983) revealed an ophiolite succession in the Hidaka metamorphic Western Zone, which is thereafter called the Poroshiri ophiolite (e.g., Miyashita and Yoshida, 1988) . Previous studies revealed that the Poroshiri ophiolite has been thermally metamorphosed during the contact with higher-grade Hidaka metamorphic rocks and subsequently dextrally thrust up together (Jolivet and Miyashita, 1985; Arita et al., 1986; Osanai et al., 1986; Arai and Miyashita, 1994; Tanaka et al., 2012) . Although these studies well documented progressive and prograde aspects of its metamorphism by juxtaposition with the Hidaka metamorphic belt and associated dextral thrusting, little is known on its retrograde metamorphism and associated deformation. We recently found sinistral shear zones in the Poroshiri ophiolite along the Chiroro River (Fig. 1c) , where amphibolite is mylonitized during the retrograde metamorphism. We describe here their occurrence, mesoscopic structures, microstructures and mineral chemistries, and discuss the metamorphic processes and conditions, deformation within and around the sinistral shear zones and its tectonic significance. (Komatsu et al., 1983) . The Idon nappu belt is composed of an accretionary mélange of Cretaceous to Paleocene age (Kiyokawa, 1992; Ueda et al., 1993) .
The Poroshiri ophiolite exposed along the Chiroro River is divided into western and eastern units (Miyashita, 1983; Tanaka et al., 2012) bounded by a reverse fault striking NW and dipping 45°NE (Fig. 1c) . The western unit is composed of metasediments, greenschist and schistose amphibolite (Fig. 1c) , whose protoliths are basalt and cover sediments representing an upper ophiolite sequence. Tanaka et al. (2012) suggested the presence of an anticlinal structure, because metasediments of the uppermost ophiolite sequence are distributed at both western and eastern borders of the western unit (Fig. 1c) . Metamorphic temperature estimated by Tanaka et al. (2012) gradually increases eastward from 400°C to 600°C irrespective of the anticlinal structure. Foliation in the western unit strikes NNW and dips 55-75°E (Fig. 1c) . The eastern unit is mainly composed of metagabbro and porphyroclastic amphibolite (Fig.  1c) , whose protolith is gabbro representing a lower ophiolite sequence. Metagabbro in this study includes metagabbro and massive gabbroic amphibolite of Tanaka et al. (2012) , while porphyroclastic amphibolite in this study corresponds to schistose gabbroic amphibolite of Tanaka et al. (2012) . Metamorphic temperature estimated by Tanaka et al. (2012) is ≈700°C and roughly constant in the eastern unit. Foliation in the eastern unit strikes either NNW or NNE and dips 55-80°E (Fig. 1c) .
Structures and mineral chemistries within and
around sinistral shear zones . Occurrence and mesoscopic structures We found sinistral shear zones in the eastern unit of the Poroshiri ophiolite along the Chiroro River (Fig.  1c) . Massive metagabbro locally intruded by metadolerite and metapegmatite is gradually changed into foliated porphyroclastic amphibolite there, which in turn is mylonitized in meter-wide sinistral shear zones (Figs. 2a, 3a) . Foliation deflects into the shear zones (Fig. 3a) , indicating a sinistral sense of shear. Foliation in the shear zones strikes NNW and dips 45-85°E, and lineation plunges 20-60° toward NNW (Fig. 2c) . Although the shear zones are meter wide, mylonite zones are less than 10 cm in width (Fig. 3a, 3b) . Foliation outside the shear zones dips gently to steeply northeastward, and lineation plunges northeastward, although they are significantly variable (Fig. 2b) . Centimeter-wide narrow dextral shear zones recognized by foliation deflection (e.g., Fig. 3c ) as described by Jolivet and Miyashita (1985) are also present in metagabbro and in porphyroclastic amphibolite (Fig. 2a) , where metagabbro is transformed into porphyroclastic amphibolite, but not mylonitized.
. Microstructures ( ) Metagabbro Metagabbro preserves an igneous texture, and contains olivine, clinopyroxene, plagioclase and ilmenite as relict minerals (Fig. 4a, 4b ). Reaction rims between relict olivine and plagioclase are composed of four layers; relatively coarse-grained (≤ 100 µm) corona of granular orthopyroxene around relict olivine, fine-grained (≤ 50 µm) corona of granular hornblende surrounding the orthopyroxene corona, layer of granular hornblende with finer-grained (≤ 10 µm) interstitial spinel, and symplectite layer of fine-grained (≤ 50 µm) vermicular hornblende and plagioclase ( Fig. 4a-4c ). On the other hand, reaction rims between relict clinopyroxene and plagioclase are composed of two layers; fine-grained (≤ 100 µm) corona of granular hornblende around relict clinopyroxene and symplectite layer of fine-grained (≤ 50 µm) vermicular hornblende and plagioclase (Fig. 4d) . Symplectite plagioclase has a composition distinctly different from that of relict plagioclase, as known by a difference in brightness in backscattered electron micrographs (e.g., Fig. 4c, 4d ). ( ) Porphyroclastic amphibolite Porphyroclastic amphibolite contains plagioclase porphyroclasts with sizes up to 2 mm in matrix of monomineralic hornblende aggregate (grain size ≤ 1 mm) and mixed aggregate of hornblende and plagioclase (grain size ≤ 300 µm) (Fig.  5 ). Compositional layering of monomineralic hornblende aggregate and mixed aggregate of hornblende and plagioclase defines foliation, while alignment of elongate hornblende grains defines lineation (Fig. 5) . Asymmetric structures indicative of shear sense are not clearly recognized. ( ) Amphibolite mylonite Amphibolite mylonite contains porphyroclasts of plagioclase and hornblende with sizes of 0.1-1 mm in fine-grained (≤ 25 µm) matrix of hornblende and plagioclase (Fig. 6a, b) . Compositional layering of monomineralic plagioclase aggregate, monomineralic hornblende aggregate and mixed aggregate of hornblende and plagioclase defines foliation, while alignment of elongate plagioclase and hornblende porphyroclasts defines lineation (Fig. 6a, 6b ). Asymmetric mantled plagioclase porphyroclasts of σ-and d-types are common (Fig. 6c, 6d) , and show undulose extinction and deformation twinning (Fig. 6d) . Shear bands anticlockwise oblique to mylonitic foliation are also recognized (black arrows in Fig. 6c ). Hornblende porphyroclasts are rounded and elongated, and aligned clockwise oblique to mylonitic foliation (Fig. 6e) . They do not show any sign of intracrystalline deformation (e.g., Fig. 6f ). Monomineralic plagioclase aggregate is extremely elongated (Fig. 6a) , and composed of dynamically recrystallized grains having a shape preferred orientation clockwise oblique to mylonitic foliation (Fig.  6f ). All asymmetric structures observed indicate a sinistral sense of shear. 
. Mineral chemistries
We analyzed chemical compositions of constituent minerals in metagabbro and of plagioclase in porphyroclastic amphibolite and amphibolite mylonite using a JEOL JSM-5600 scanning electron microscope attached with an Oxford Link ISIS 300 energy-dispersive X-ray spectrometer at the Department of Earth Sciences, Chiba University, at an accelerating voltage of 15 kV, a beam current of 0.8 nA and a beam size of 5 µm. In addition, mainly for hornblende-plagioclase geothermometry data, we also analyzed chemical compositions of hornblende and plagioclase in porphyroclastic amphibolite and amphibolite mylonite by electron microprobe analysis (EPMA) using a JEOL JXA-8900L at the Granular orthopyroxene in coronas around relict olivine (e.g., Fig. 4c ) is bronzite (En 72 Fs 27 Wo 1 on average) (Table 1) . Granular hornblende in reaction rims (e.g., Table 1 ). Thus the latter is richer in Na and IV Al, and poorer in Mg and Si than the former ( Fig. 8a, 8b ; Table 1 ). ( ) Porphyroclastic amphibolite Porphyroclast plagioclase (e.g., Fig. 5a-5c ) is labradorite (An 53-66 ) ( Fig.  7c ; Table 2 ), anorthite component of which is close to that of relict plagioclase in metagabbro (Fig. 7a) . Mixed-aggregate plagioclase (e.g., Fig. 5c ) has bimodal anorthite components of andesine to labradorite (An ) and bytownite (An 76-90 ) ( Fig. 7d ; Table 2 ). The latter is close to the anorthite component of symplectite plagioclase in metagabbro (Fig. 7b) , while the former is lower than the anorthite component of relict plagioclase in metagabbro (Fig. 7a ) as well as of porphyroclast plagioclase in porphyroclastic amphibolite (Fig. 7c) .
Monomineralic-aggregate hornblende (e.g., Table 2 ). Thus monomineralic-aggregate hornblende tends to be poorer in Na and IV Al, while richer in Mg and Si than mixed-aggregate hornblende ( Fig. 8c,  8d ; Table 2 ). In addition, the former has bimodal compositions of one with lower (Na + K) A and higher Mg/ (Mg + Fe 2+ ), and another with higher (Na + K) A and lower Mg/(Mg + Fe 2+ ) (Fig. 8c, 8d ). Both monomineralic-aggregate hornblende and mixed-aggregate hornblende show a positive linear relation between (Na + K) A and IV Al as well as between Mg/(Mg + Fe 2+ ) and Si (Fig.  8c, 8d ). ( ) Amphibolite mylonite Porphyroclast and monomineralic-aggregate plagioclase (e.g., Fig. 6c , 6d and f) is andesine to labradorite (An 38-66 ) with bimodal anorthite components of labradorite (An 52-66 ) and andesine (An 38-50 ) (Fig. 7e) , the range of which corresponds to that of porphyroclast plagioclase and the lower anorthite component group of mixed-aggregate plagioclase in porphyroclastic amphibolite (Fig. 7c, 7d ). Mixed-aggregate plagioclase (e.g., Fig. 6c-6e ) has a wide range of anorthite component from andesine to bytownite (An 43-89 ) (Fig. 7f) . Although bimodal components corresponding to the lower and higher anorthite component groups of mixed-aggregate plagioclase in porphyroclastic amphibolite (Fig. 7d ) are still apparent (Fig. 7f) , they are partly overlapped.
Both porphyroclast or monomineralic-aggregate horn- Fig. 8e, 8f ; Table 3 ). In contrast to hornblende in porphyroclastic amphibolite, the chemical compositions of the two domains of hornblende are largely overlapped (Fig. 8e, 8f ).
Discussion
. Metamorphic processes Reaction rims in metagabbro composed of orthopyroxene, hornblende and spinel between relict olivine and plagioclase have been reported by Grapes et al. (1977) , Miyashita (1983) and Tanaka et al. (2012) , while those composed of hornblende between relict clinopyroxene and plagioclase have been reported by Grapes et al. (1977) . Because relict olivine is surrounded by a corona of orthopyroxene (e.g., Fig. 4a-4c) , the latter was likely formed by a following reaction. where olivine and orthopyroxene (bronzite) are approximated by forsterite and enstatite, respectively. The orthopyroxene corona is in turn surrounded by a corona of granular hornblende (e.g., Fig. 4a-4c ), which also occurs around relict clinopyroxene (e.g., Fig. 4d ). This occurrence of granular hornblende corona suggests a following hydrous reaction. where orthopyroxene (bronzite), clinopyroxene (salite) and hornblende (magnesiohornblende) are approximated by enstatite, diopside and tremolite, respectively. Symplectite of hornblende (edenite) and plagioclase (bytownite) between granular hornblende (magnesiohornblende) and relict plagioclase (labradorite) was likely formed by a following reaction (e.g., Fig. 4c, 4d ). 
where magnesiohornblende and bytownite are approximated by tremolite and anorthite, respectively. This reaction well explains the difference in chemical composition between granular hornblende and symplectite hornblende as well as that between relict plagioclase and symplectite plagioclase in metagabbro (Figs. 7a, 7b and 8a; Table 1 ). In addition, the reaction rim composed of granular hornblende and interstitial spinel between granular hornblende corona and symplectite of hornblende and plagioclase (e.g., Fig. 4c ) suggests another hydrous reaction as below so that MgO and SiO 2 derived from the above reactions are consumed. ) vs Si diagrams) in metagabbro (a and b), porphyroclastic amphibolite (c and d) and amphibolite mylonite (e and f). Cation ratios including Fe 3+ were calculated according to Leake et al. (1997) assuming Si + Al + Ti + Mg + Fe + Mn = 13 (13eCNK). Classification of hornblende is after Leake et al. (1997) where symplectite plagioclase (bytownite) and granular hornblende (magnesiohornblende) are approximated by anorthite and tremolite, respectively. Gradual change from metagabbro to porphyroclastic amphibolite observed at outcrops (e.g., Fig. 2a) , as previously reported by Miyashita (1983) , suggests a transformation of metagabbro into porphyroclastic amphibolite with the progress of the above reactions during amphibolite-facies metamorphism. Thus metagabbro is regarded as a portion where these reactions progressed only limitedly during the metamorphism. However, bimodal compositions of both matrix plagioclase and hornblende (Figs. 7d and 8c, 8d ) imply their state in porphyroclastic amphibolite being far from chemical equilibrium. Chemical compositions suggest that porphyroclast plagioclase (An 53-66 ) was derived from relict plagioclase (An 58-61 ) in metagabbro (Fig. 7a, 7c) . Mixed-aggregate plagioclase with higher anorthite components (76) (77) (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) ) is similar in composition to symplectite plagioclase (An 81-91 ) in metagabbro (Fig. 7b, 7d ) so that the former was likely derived from the latter. Mixed-aggregate plagioclase with lower anorthite components (An ) is, however, poorer in anorthite component, i.e., richer in Na, than relict plagioclase in Table . Average chemical compositions of hornblende and plagioclase in a porphyroclastic amphibolite sample collected from the outcrop shown in Fig. 3b . Fig. 3b. metagabbro (Fig. 7a, 7d) . Mixed-aggregate plagioclase with this composition was possibly formed by a reaction similar to the one below between hornblende and plagioclase (Holland and Blundy, 1994 This type of reaction produces plagioclase richer in Na than the reactant plagioclase, relict plagioclase in metagabbro in this case. Slightly lower anorthite components of higher anorthite component, mixed-aggregate plagioclase than those of symplectite plagioclase in metagabbro (Fig. 7b, 7d) is also attributable to a reaction similar to (5). It is likely that monomineralic-aggregate hornblende (magnesiohornblende) was derived from granular hornblende (magnesiohornblende) in metagabbro, while mixed-aggregate hornblende (magnesiohornblende) was derived from symplectite hornblende (edenite) in metagabbro. Although both monomineralic-aggregate hornblende and mixed-aggregate hornblende are poorer in Na and Mg than granular hornblende and symplectite hornblende, respectively in metagabbro ( Fig. 8a-8d ; Tables 1, 2), such differences in chemical composition possibly arose during the transformation of metagabbro into porphyroclastic amphibolite. Bimodal compositions of monomineralic-aggregate hornblende (Fig. 8c, 8d ) likely reflect the location of granular hornblende formed in metagabbro. For example, granular hornblende formed in cores of relict olivine and clinopyroxene in metagabbro is supposed to have been poorer in Na and Al while richer in Mg and Si than that formed in their rims, because the former is more distant than the latter from relict plagioclase which is the only source of Na and Al. Hornblende of both domains in porphyroclastic amphibolite shows a positive linear relation between (Na + K) A and IV Al as well as between Mg/(Mg + Fe 2+ ) and Si (Fig. 8c, 8d) . Such hornblende compositions are attributable to edenite and tschermak substitutions (Si NaAl and MgSi AlAl, respectively) between hornblende grains so that some hornblende grains became depleted in Na and Al, and enriched in Mg and Si, while the opposite changes occurred in other hornblende grains.
Mylonitization of porphyroclastic amphibolite also resulted in changes in chemical compositions of hornblende and plagioclase (Figs. 7e, 7f, 8e, 8f) . In addition to a reaction similar to (5), reactions similar to those below are expected to have occurred in amphibolite mylonite, because hornblende or plagioclase grains with different compositions are supposed to have become in contact during mylonitization. where relatively Mg-rich, Al-poor hornblende and relatively Mg-poor, Al-rich hornblende are approximated by tremolite and tschermakite, respectively, while relatively Ca-rich, Na-poor plagioclase and relatively Ca-poor, Na-rich plagioclase are approximated by anorthite and albite, respectively. With the progress of the reactions (5)- (7), chemical compositions of hornblende and plagioclase would have become more homogeneous. In fact in amphibolite mylonite, the chemical compositions of porphyroclast or monomineralic-aggregate hornblende and mixed-aggregate hornblende are largely overlapped (Fig. 8e, 8f) , and bimodal components of mixed-aggregate plagioclase are partly overlapped (Fig.  7f ). These suggest a progress of the reactions toward new chemical equilibrium during the mylonitization. . Metamorphic conditions Tanaka et al. (2012) estimated the metamorphic temperature of porphyroclastic amphibolite along the Chiroro River to be ≈ 700°C based on Ti content in hornblende, and the metamorphic pressure of metagabbro to be 400-600 MPa based on the mineral assemblage in the reaction rims between olivine and plagioclase (Cruciani et al., 2008) .
We also estimated the metamorphic temperatures of porphyroclastic amphibolite and amphibolite mylonite applying the hornblende-plagioclase geothermometry of Holland and Blundy (1994) . We assumed the metamorphic pressure of 500 MPa referring to the metamorphic pressure (400-600 MPa) of metagabbro estimated by Tanaka et al. (2012) , and used the thermometer B of Holland and Blundy (1994) for assemblages without quartz. Mixed-aggregate plagioclase in contact with hornblende has bimodal anorthite components in both porphyroclastic amphibolite and amphibolite mylonite (Fig. 7d, 7f) . However, higher anorthite component plagioclase (An ≥ 75 ) was originally formed by the reaction (3) between granular hornblende and relict plagioclase in metagabbro (e.g., Fig. 4c, 4d ) so that local equilibrium can be assumed only between symplectite hornblende and plagioclase. In contrast, lower anorthite component plagioclase (An <75 ) was formed by a reaction similar to (5) between hornblende and plagioclase in both porphyroclastic amphibolite and amphibolite mylonite as discussed above so that it is reasonable to assume local equilibrium between this plagioclase and its adjacent hornblende. We therefore applied the geothermometry to lower anorthite component plagioclase (An <75 ) and its adjacent hornblende. 25 pairs of mixedaggregate hornblende and plagioclase in contact in porphyroclastic amphibolite (average compositions shown in Table 4 ) yield an average temperature of 708°C with a 95% confidence interval of 7°C, while 33 pairs of those hornblende and plagioclase in amphibolite mylonite (average compositions shown in Table 4 ) yield an average temperature of 678°C with a 95% confidence interval of 6°C. Thus the latter is 30°C lower than the former, indicating that the mylonitization occurred during the retrograde metamorphism. 708 7°C estimated for porphyroclastic amphibolite is consistent with ≈ 700°C estimated by Tanaka et al. (2012) .
. Deformation within and around the sinistral shear zones and its tectonic significance Centimeter-wide narrow dextral shear zones where metagabbro is transformed into porphyroclastic amphibolite (e.g., Fig. 3c ) suggest that dextral shearing occurred during the amphibolitization. It is known that this dextral shearing occurred regionally in the Poroshiri ophiolite during its thrusting up together with the Hidaka metamorphic rocks (Jolivet and Miyashita, 1985; Arita et al., 1986; Arai and Miyashita, 1994) . Hashimoto (1976) reported a K-Ar age of 23.4 7.9 Ma from hornblende in porphyroclastic amphibolite. Because the closure temperature of Ar diffusion in hornblende (530 40°C; Harrison, 1981) is lower than the metamorphic temperature of porphyroclastic amphibolite (708 7°C), the amphibolitization and dextral shearing of metagabbro in the Poroshiri ophiolite, associated with its juxtaposition with the Hidaka metamorphic belt, must have occurred before 15.5-31.3 Ma, at least before early Miocene and likely in Oligocene.
Mylonitization of porphyroclastic amphibolite in the sinistral shear zones (e.g., Fig. 3a, 3b) indicate that sinistral shearing postdates the amphibolitization and dextral shearing, which is supported by the metamorphic temperature of amphibolite mylonite (678 6°C) 30°C lower than that of porphyroclastic amphibolite. However, since the metamorphic temperature of amphibolite mylonite is still higher than the closure temperature of Ar diffusion in hornblende, sinistral shearing and mylonitization must also have occurred before 15.5-31.3 Ma.
Chemical compositions suggest that porphyroclast plagioclase in amphibolite mylonite was derived not only from porphyroclast plagioclase in porphyroclastic amphibolite, but also from mixed-aggregate plagioclase with lower anorthite components in porphyroclastic amphibolite ( Fig. 7c-7e ). Because monomineralic plagioclase aggregate is composed of dynamically recrystallized grains (e.g., Fig. 6f ), it was produced by dynamic recrystallization of porphyroclast plagioclase. Porphyroclast and monomineralic-aggregate hornblende was likely derived from monomineralic-aggregate hornblende in porphyroclastic amphibolite. Chemical compositions of plagioclase suggest that fine-grained mixed aggregate of hornblende and plagioclase was derived from mixed aggregate of hornblende and plagioclase in porphyroclastic amphibolite (Fig. 7d, 7f) . However, the reactions (5)-(7) as discussed above resulted in chemical compositions of both hornblende and plagioclase in amphibolite mylonite different from those in porphyroclastic amphibolite (Figs. 7d, 7f, 8c-8f) . Thus mylonitization of porphyroclastic amphibolite was promoted by dynamic recrystallization of plagioclase and metamorphic reactions to produce fine-grained hornblende and plagioclase. Foliation deflection (Fig. 3a) , σ-and d-type mantled plagioclase porphyroclasts (Fig. 6c,  6d ), shear bands (Fig. 6c) , and shape-preferred orientations of hornblende porphyroclasts as well as of dynamically recrystallized plagioclase grains oblique to mylonitic foliation (Fig. 6e, 6f ) all indicate a sinistral sense of shear.
In the sinistral shear zones, foliation dips steeply to E and lineation plunges toward NNW (Fig. 2c) . This implies that the sinistral shearing has a normal slip component, in contrast to the preceding regional dextral shearing during thrusting of the Poroshiri ophiolite with the Hidaka metamorphic rocks. Because the sinistral shear zones are found only locally in the Poroshiri ophiolite, minor backward movement subsequent to the regional dextral thrusting possibly resulted in sinistral shearing with a normal slip component.
Conclusions
We found meter-wide, NNW-trending sinistral shear zones in the Poroshiri ophiolite along the Chiroro River. Their occurrence, mesoscopic structures, microstructures and mineral chemistries led us to draw the following conclusions. 
tremolite spinel
The reaction (1) produced orthopyroxene (bronzite) corona around relict olivine. The reaction (2) produced granular hornblende (magnesiohornblende) corona around orthopyroxene corona and relict clinopyroxene (salite), while the reaction (3) produced symplectite hornblende (edenite) and plagioclase (bytownite) between granular hornblende corona and relict plagioclase (labradorite). The reaction (4) produced granular hornblende (magnesiohornblende) and interstitial spinel between granular hornblende corona and symplectite of hornblende and plagioclase. 2. Metagabbro was transformed into porphyroclastic amphibolite with the progress of the above reactions and dextrally sheared during the amphibolitization. In addition, a reaction between hornblende and plagioclase similar to the one below is supposed to have occurred to produce plagioclase richer in Na (andesine 
